In this paper a dynamic, modular, 1-D vehicle model architecture is presented which seeks to enhance modelling flexibility and can be rapidly adapted to new vehicle concepts, including hybrid configurations. Interdependencies between model sub-systems are minimized. Each subsystem of the vehicle model follows a standardized signal architecture allowing subsystems to be developed, tested and validated separately from the main model and easily reintegrated. Standard dynamic equations are used to calculate the rotational speed of the desired driveline component within each subsystem i.e. dynamic calculations are carried out with respect to the component of interest. Sample simulations are presented for isolated and integrated components to demonstrate flexibility. Two vehicle test cases are presented. The application to a conventional heavy-duty vehicle demonstrates the operational capabilities of the modelling methodology, while the inclusion of electrical components to form a mild-hybrid heavy-duty vehicle demonstrates the model's potential for predicting improvements in fuel economy and performance over a specified drive cycle. Qualitative validation characteristics are presented, highlighting the ability of the model to accurately capture dynamic events and fuel consumption profiles.
INTRODUCTION
The modelling of vehicle propulsion systems prior to any testing is common practice in most vehicle engineering applications. System modelling can drastically reduce both concept to production times and associated testing costs. A model allows the user to determine the advantages gained from any changes in vehicle topology and perform a cost-benefit analysis to determine whether the modifications are worthwhile before committing significant resources. Another advantage of simulation models is that they can be used to test and develop new and unproven components and systems to identify promising concepts or architectures removing the need for building prototype vehicles or test rigs saving both time and cost [1] .
With rapid advancements in technology, coupled with increasingly stringent legislative requirements, there is a growing need for models which are not only reliable, but also extremely flexible. The main problem commonly encountered with model development is the lack of flexibility when the topology of the vehicle is changed significantly [2] . This paper proposes a vehicle model architecture (VMA) that attempts to address this problem. The proposed VMA attempts to build on those previously established [3, 4] to improve the models flexibility and adaptability to new vehicle concepts.
Both the automotive and heavy duty sectors have migrated towards a modular modelling approach as it provides a range of advantages. It enables easily adaptable models capable of handling different subsystems of variable complexity. For example, different engines or transmissions can be simulated in the same vehicle architecture to determine the effect on fuel consumption or any other system dynamics of interest. Libraries of components can be created and shared amongst different users which reduces development time. However, the downside of a modular modelling approach is that each component must conform to a standardized signal architecture to facilitate sub-system interchangeability. A robust VMA which is suitable in application to nearly all road vehicles has been previously described by Belton et al. [3] . The top-level subsystems were established based on a logical decomposition of the vehicle components. These are the driver, environment, electrical, auxiliaries, powerplant, transmission, driveline, chassis, braking, steering, vehicle system controller (VSC) and bus. Matlab/Simulink was used to develop the VMA, as shown in Figure 1 .
Each model subsystem shown in Figure 1 contains various layers. The top layer is shown in Figure 1 and connects each subsystem together through the main signal bus. This is denoted as Layer 1. Layer 2 is contained within each subsystem and illustrates how each of the required signals is transmitted into each component from the main bus and also shows how feedback is transmitted back to the main signal bus. Layer 3 then describes local subsystem controller and plant behavior. Figure 2 shows how an IC engine and automatic transmission with a torque convertor would be implemented in this model architecture. The engine inertia and gross engine torque from the engine model are passed to the torque convertor model block. The impeller speed is then passed from the transmission subsystem back to the engine where it becomes the engine speed input for the engine model [3] . This inherently means that these two subsystems are somewhat coupled to one another as the engine model now has a level of dependency on the subsystem that is downstream of it. Further investigation was conducted on a similar model based on a similar architecture by Mason et al. [4] . Both compliant and non-compliant models for the same system were investigated. The non-compliant version, a schematic of which is shown in Figure 3 , uses the approach of cumulative torque and cumulative inertia. These signals are carried to the end of the drive train system where the signals are terminated, at which point a speed parameter is calculated. This speed signal is then passed backwards through the drivetrain and transformed through gearing ratios accordingly to determine every other drivetrain components speed. [4] A similar VMA modelling approach was implemented for heavy duty vehicles by Emirler et al. [5] . Figure 4 shows a summarized diagram of the signal paths used in the model. In each of the model architectures described, the subsystems involved have a level of dependency on those surrounding them. If the speed signal could be removed, allowing the speed of each component to be calculated intrinsically, this would decouple the subsystems from one another and improve the model flexibility and robustness. Other vehicle modelling packages are available, such as Advisor which uses a hybrid forward backward modelling approach. However, some users have reported limited flexibility and there can be difficulties with model reconfiguration [6] . Similarly, Mathworks uses its bespoke environment Simscape to develop its own vehicle modelling examples. However, the underlying functions of predefined components are difficult to change reducing modelling flexibility. Alternative approaches use a power flow regime, rather than torque flow, such as PSAT (Power Systems Analysis Toolbox) which is primarily used for electrical power systems [7] . This however also introduces a significant extent of coupling onto each of the subsystems in the model. Figure 4 . Rigidly connected rotational inertia system and dynamic signal flow paths as represented by modular sub models [5] In the following sections the proposed new model architecture is established. Simulation results are then presented showing the functionality of the model, demonstrated on an engine-flywheel system, a conventional powertrain vehicle and finally a hybridized powertrain. Qualitative validation is also presented in the form of a comparison to real world driving data. This demonstrates the ability of the model to accurately capture both detailed drivetrain dynamics and fuel consumption profiles.
MODEL METHODOLOGY
The proposed VMA methodology will first be explained using simple examples for mathematical clarity. The model methodology has been approached in a dynamic, forward-facing manner to allow the implementation of existing control system models and to assist with the development of future control strategies. The intended purpose for the model developed within this current work is as a system level design tool. Thus, compliance within the system has been ignored for model simplification and all connections are assumed to be rigid, reducing the degrees of freedom of the system. Newton's second law is used to calculate the velocity trajectory for the vehicle. The velocity of the vehicle at any instant can be found through an integration of the acceleration as shown in Equation 1: where v is the velocity in ms -1 , F x is the force in N, and m is the mass in kg. In this case, the mass in includes the effect of the inertia of all the powertrain components. The sum of the forces includes the applied force at the wheels, which is a function of the torque that was produced at the engine, and all of the resistive forces on the vehicle. Due to the modular modelling approach adopted, each component subsystem has its own inertia/mass programmed within it. A parameter referred to as the reduced mass moment of inertia for the system was calculated at each point, with respect to that point. This means that not only can each component model operate independently but they can also function as an integrated system without any modifications to the subsystem structure or input/output : (2) where T is torque in Nm, I is the rotational inertia in kgm 2 and ω is the rotational speed of the component in rads -1 . For a single rotating mass, there is only one inertia term in the dynamic equation to consider; the inertia of the component itself. However, if two masses (I 1 and I 2 ) are rotating together at identical speed, then the dynamic equation which describes the motion of the system can be written as shown in Equation 3:
Where T app is the applied torque on the component in Nm, T res is the resistive torque on the component in Nm. Equation 3 gives a simple explanation of the term reduced mass moment of inertia if the two inertia terms are grouped, as in Equation 4: (4) The term (I 1 + I 2 ) represents the reduced mass moment of inertia for the system. For systems which contain gearing ratios between rotating components, the inertia of upstream components must be multiplied by the square of the gearing ratio when being passed downstream, and vice versa, the inertia of downstream components must be divided by the square of the gear ratio when being passed upstream. An example of a simple gear train system is shown for clarification in Figure 5 . Using this methodology, the system shown in Figure 5 can be described using two equations. One is formulated with respect the rotating shaft A (Equation 5), and the other is written with respect to rotating shaft B (Equation 6). Note that the torque terms are also transformed when passing through gearing ratios accordingly as shown in equations 5 and 6:
(5) (6) Where i is the gearing ratio between the two shafts, calculated as . This method allows for independent determination of the rotational speeds of both shafts via integrations of the angular accelerations. The next step is to determine how to account for the vehicle mass in the rotational inertia terms (and vice versa). Referring to the previous example, assume that the gear train shown in Figure 5 is the powertrain of a vehicle which must accelerate the vehicle mass (Inertia I 3 is effectively acting as a wheel). It can be shown that the vehicle mass is accounted for in the powertrain by multiplying by the square of the wheel radius when passing the mass upstream. Subsequently, this is combined with any other algebraic gearing ratio transformations as previously described for the system which results in a set of equations as follows (Equations 7, 8 and 9). Also the powertrain inertia must be divided by the square of the wheel radius when being passed to the vehicle model. (Note Equation 9 describes linear motion for the vehicle, whereas Equations 7 and 8 describe rotational motion for the two shafts A and B respectively). These equations again allow for independent determination of rotational speeds and vehicle speeds. This is the principle behind the mathematical decoupling of each of the subsystems from one another. The model signal architecture presented previously [3] required the feedback of a rotational speed signal from the downstream component; in that case the impeller of the torque convertor was passing a speed signal back upstream to the engine to inform it of its rotational speed. The new proposed methodology passes torque and resistive torque signals, as well as calculating a reduced mass moment of inertia for the system at each point, and uses dynamic differential equations to solve for the speed intrinsically within each subsystem. This ultimately means that should a downstream component be removed; the rotational speed of the upstream component is still known. This increases the model flexibility by allowing components to be added or removed as required without adversely affecting functionality. For example, taking the previous equation which describes the rotational motion for shaft A, Equation 7 , and removing both of the downstream components by setting masses m and I 3 equal to zero and removing the resistive force present at the wheel by setting F res equal to zero (note that a resistive torque is included to account for any losses) results in Equation 10: (10) This is a modified form of Equation 7 which now mirrors Equation 4 describing the motion for a shaft with two masses. This demonstrates that should a component be removed from the model, each component still behaves as it would in the same real world conditions. Equations 7, 8 and 9 can then be rearranged and integrated with respect to time to calculate the rotational speed of the shafts or the vehicle velocity from an integral with respect to time, as shown in Equations 11, 12 and 13: within the component are applied to the torque input signals to give the resulting torque output signals. For clarification a simple shaft model which follows the architecture outlined is shown in Figure 8 . The subsystems internal Simulink blocks are shown in Figure 9 . There is no control input to this model and the shafts rotational speed (N_Shaft) is the control feedback. Also note that this particular model has no internal losses associated with it. System losses are accounted for by subtracting any loss from the applied torque path and adding the loss to the resistive torque path. This means that at any point within the system, the applied torque on any component is the cumulative effect of the upstream applied torques minus any losses due to the upstream components, and the cumulative effect of the downstream resistive torques plus any losses due to the downstream components.
When hybrid components are added to the system, there can be multiple points in the drivetrain where torque and inertia are added and/or subtracted from the system. This is accounted for by adding the torque from any hybrid component to the applied torque path and subtracting it from the resistive torque path at the same point in the drivetrain. By doing so any downstream components have an increase in applied torque as expected, and upstream components perceive the torque addition as a reduction in resistive torque which can result in an overall increase in resultant torque on the upstream component, due to the sign convention used.
In the following sections the torque output from the simple engine model is a function of accelerator pedal position and the maximum available torque at any given engine speed, i.e.: (14) A motoring torque curve is used to simulate engine braking during lift off and coasting, as well as an idle governor to prevent engine stall. The cumulative resistive torque, which is a function of all the resistive forces on the vehicle and any losses within the drive train are then subtracted from the engine torque and this is used to calculate crankshaft speed. An automatic transmission was modelled as an input shaft and output shaft coupled by gear sets of varying transmission ratio and a separate clutch for each gear set. Each clutch operates by switching states when the criteria for clutch lock up or clutch break-up are met. Clutch models have been extensively described in literature [8, 9, 10, 11, 12, 13] . Losses are included in the transmission system as torque loss lookup maps which are dependent on the current transmission operating conditions within each gear.
The final drive or axle was modelled in a similar manner to the automatic transmission but with a fixed gearing ratio between the input and output shafts and a fixed efficiency. The wheel model serves as a subsystem that converts forces to torques and inertias to masses and vice versa within the system, effectively transforming parameters from the rotational domain to the linear domain and vice versa.
The driver model is a PID controller that can be set to various levels of sensitivity by altering the gains on each the proportional, integral and derivative parameters.
SIMULATION RESULTS
Simulation results of an engine accelerating a mass are shown to demonstrate the models operational functionality. The engine simulated is designed for heavy duty applications and as such has a relatively small operational speed range in comparison to typical automotive engines. A drivetrain consisting of an automatic transmission, final drive axle, wheels and a vehicle model is then added to the model and a comparison to real world experimental driving data is shown. Finally, hybridizing components are added to the model, in the form of torque sources that are external to the conventional drivetrain, to show the models capability in adapting to new drivetrain configurations.
Engine-Flywheel System
The input to the engine-flywheel model was the desired rotational speed for the flywheel. This was set to 2000RPM between 10 and 17.5 seconds and zero at all other times. The clutch which couples the engine and flywheel together was programmed to start its engagement at 4 seconds. The clutch was also programmed to decouple the flywheel from the engine at 20 seconds. This engagement and disengagement of the clutch causes a change in model states from 2 degrees of freedom, where the engine and flywheel rotate independently, to a single degree of freedom where the two rotate together. The driver model is based on a parallel PID controller. The output from the driver model is based on the error between the desired speed and the simulated speed. The error signal then passes through the controller to modify the accelerator pedal position to accelerate the system to the desired speed. The engine model is based on a maximum available torque curve and map based fuel consumption calculations. The clutch and flywheel system consists of a simple clutch model in conjunction with a relatively large inertia. The top level system model is shown in Figure 11. Figures 12, 13 and 14 show the engine speed and torque plots for the system. Figures 13  and 14 show the applied and resistive torque on both the engine and flywheel respectiveley. When the applied torque is greater than the resistive torque, the related component is accelerating and conversely, when the resistive torque is greater than the applied torque the component is decelerating. Figure 12 shows that at the start of the simulation the engine speed increases to its idle speed. Once clutch engagement begins at 4 seconds the engine speed is pulled down and the flywheel speed increases. At the point where the engine and flywheel rotational speeds are equal the clutch is locked and the systems accelerate together back to the engine idle speed due to the idle speed governor in the model. At 10 seconds, the driver model then sees the increase in the desired rotational speed to 2000 rpm and applies additional accelerator pedal position to increase the torque output from the engine as can be seen on each of the torque plots between 10 and approximately 12 seconds. The system then continues at this desired rotational speed until 17.5 seconds in the simulation when the desired speed returns to zero. The driver model then removes its accelerator pedal output and the system begins to coast down due to a resistive torque after 17.5 seconds as can be seen in Figure 13 . The clutch is then programmed to separate the systems at 20 seconds, resulting in the engine returning to its idle speed shortly after due to engine motoring torque and the flywheel continuing to coast down at a lower rate of deceleration due to its relatively larger inertia and a resistive torque due to bearing friction. 
Conventional Drivetrain Vehicle
The same driver and engine combination was then used in the simulation of full vehicle-powertrain system with the drivetrain configuration that was previously described in place of the flywheel. Full load acceleration and braking events were simulated. Simulation results are shown in comparison to real world experimental driving data from a conventional drivetrain bus during testing at Millbrook Proving Ground, England. The top level system model is shown in Figure 15 . The vehicle velocity plot is shown in Figure 16 . Engine speed is shown in Figure 17 and engine output torque is shown in Figure 18 . The input to the model was the velocity profile that the vehicle completed during real world driving. Figure 19 shows the fuel used by the vehicle during the event in the real world against the simulated results. There is a maximum difference between the two sets of fuel consumption results of 9.4% at 23.2s and an average difference of 5.2%. The simulation results show good initial correlation to the real world experimental driving data. Velocity traces match well and default gear shift points that can be seen in Figure 17 are close to those that were performed by the automatic transmission in the vehicle. Only slight discrepancies exist in the engine speed trace, indicating that the shifting strategy employed in the model needs further refinement. The model is also able to capture events such as the influence from the low speed idle governor which increases engine torque output between approximately 63 and 68 seconds. The differences in simulated and actual fuel consumption indicate that there are areas in the model which could benefit from either additional fidelity or additional refinement. For example, illustrated in the engine torque plot, Figure 18 , the engine does not output the same amount of torque during the acceleration phase of the driving event. The result of this lower torque output is a lower instantaneous fuel consumption during this period. The cumulative fuel consumption is then also lower as it is calculated as an integration of the instantaneous fuel consumption. This causes the observed deviation between the predicted and actual fuel consumption profiles. The effect of the torque assist during the acceleration event is to reduce fuel consumption by an average of 7.7% compared to the previous simulation results with no hybridizing components. Also note that the velocity profile remains almost unchanged. However, the engine torque plot is noticeably different. When the torque assist is present during the acceleration phase, the engine outputs between 10% and 30% less torque throughout the 10 seconds when the assist is present and then returns to normal when the assist is removed. The additional torque source results in a fuel saving of 9.9% at the end of the simulation in comparison with the simulated conventional powertrain vehicle results. This represents a theoretical fuel saving as predicted by the model and demonstrates the models potential for identifying fuel saving opportunities within future concepts. incorporated without excessive modification to the existing drivetrain. It has been shown that the proposed modelling methodology is suitable for the simulation of vehicle dynamics closely matching real world driving data. The new VMA can also include complex components such as clutches and torque convertors, accurately accounting for coupling and decoupling within the powertrain system. The use of the Simulink environment rather than a commercial package also benefits the user/developer by giving extra freedom in model development that other commercial packages may not give. Further work is to be completed on full drive cycle analysis using the new flexible architecture. Full validation of the model will also be performed to both conventional and hybrid drivetrain configurations. Development will also be conducted on the hybrid component models such as motor generator units and energy storage systems to improve the accuracy of the input data to the model whilst allowing additional results to be extracted.
CONCLUSIONS

